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ABSTRACT 

A new synthetic method for the A oad eae of the 
olefin anti-sesquinorbornene from the anhydride 1,2,3,4, 
4a,5,6,7,8,8a-decahydro-1 ,4:5,8-exo,endo-dimethano- 
naphthalene-4a,8a-dicarboxylic anhydride was developed. 
This method replaced the procedure of Bartlett (J. Am. 
elem coc L072. 1363(1900)) by a series, of chemical steps 
that gave the olefin in 21% overall yield. These chemical 
steps could be scaled-up much more easily than Bartlett's 
procedure which gave the olefin in about 20% yield by 
electrolytic bisdecarboxylation of the corresponding di- 
carboxylic acid. The acid-methyl ester made from the 
anhydride was treated with lead tetraacetate in refluxing 
benzene-acetic acid to form the acetoxy-methyl ester 
KCos)) melniess was gereated ‘with refluxing 425°M sulfuric acid 
until the organic phase resolidified, usually 10-12 h, to 
form the B-hydroxy acid:(95%). This was treated with 
benzenesulfonyl chloride in pyridine containing triethyl- 
anew teem fOr 6 on under varcon- iLO Orm;thes ou etn 
(BAi). yEarlure ito. add “triethylamine or “treatment of. the 
olefin with pyridinium hydrochloride in pyridine gave the 
chlorocarbon 4a-chloro-1 ,2,3,4,4a,5,6,/,8,8a-decahydro- 
1,4:5.0-exo,endo-dimethanonaphthalene. This is the first 
reported example of the addition of hydrogen chloride to 
a double bond by pyridinium hydrochloride and might be due 
to the relief of angle strain around the carbon atoms of 


the double bond upon rehybridization from Bec to sar 
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Daptilete Lounda: thatthe anhydmide: 2.574. 4a,5.6 97 . 
8 ,8a-decahydro-1 ,4:5,8-exo,exo-dimethanonaphthalene-4a, 8a- 
dicarboxylic anhydride could not be hydrolyzed to the 
diacid by hot sulfuric acid or esterified by treatment with 
several bases. Treatment of this anhydride with sodium 
methoxide in absolute methanol at 150°C for 2 days gave 
the corresponding dicarboxylic acid (82%). Shorter re- 
action times gave the acid-methyl ester. Initial formation 
of the carboxylate-methyl ester followed by an Sy2 re- 
action of methoxide ion with the methyl group of the ester 
is responsible for the formation of the diacid under these 
anhydrous conditions. 

3,4:3,4-exo0, endo-Di(1 ,3-cyclopentano)-1 ,2-dioxetane 
decomposed to give light immediately at all temperatures 
required for its formation from either the B-bromo-or 
iodohydroperoxide precursors by treatment with silver 
acetate in dichloromethane and could not be isolated. Sur- 
prisinely, light was also emitted when TLG plates (silica 
gel) or benzene solutions containing just these precursors 
were heated. This has not been reported for other B- 


halohydroperoxides. 
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INTRODUCTION 
Long before they were actually prepared and isolated, 
1,2-dioxetanes (D) and the related a~peroxylactones (CL) 
had been proposed as key intermediates in numerous chemi- 
and bioluminescent reactions (eq ion. At that time few 


thought that such unstabie looking intermediates would 


CW) 
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ever be isolated. The release of ring strain and the for- 


MatLon of two Strong carbonyl. bonds” at’ the* expense” ot®only 
one C-C bond and a weak O-O bond should greatly favor their 
decomposition. Thus, there was much surprise when Kopecky 


and harem” reported the synthesis (eq 2) of dioxetane 1, 


CZp) 
OOH O——0 
hoe Pane NaOH HC CH, MP4-7 °C 
oe eu eet H.C F 
HC | H CH 0H 2 
Br , 


a relatively stable molecule that upon heating decomposed 
according to eq 1 to yield acetone, acetaldehyde and a 
bluish light. “Since this report, many papers have ap- 
peared involving the synthesis and properties of 1,2- 


dioxetanes and a-peroxylactones, and have been recently 
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reviewed” ’ ’~. The first a-peroxylactone, 2, was syn- 


thesized (eq 3) by em and shown to emit light as in 


eq 1 
(3) 
‘ie ae jee O O 
( )—N=C=N—{ ) 
al ee airy 
O 
CH. H O CH. H 
2 


Three methods have been developed for preparing 1,2- 
dioxetanes, all starting from the corresponding olefin. The 
Bieste 1pvolves, inital! treatment ‘of the olefin with: 1, 35— 
dihalo-5,5-dimethylhydantoin (3) and excess 98% hydrogen 
peroxide in cold ether to yield the B-halohydroperoxide 


Ceq 4/8, 


This reaction proceeds by an ionic mechanism. 


(4) 
CH. 

R| 4 : aus feo), Wal p! OOH Ro 
tl va = ether << ia 
EA : z ee oN 3 

2 R 98% H,0 2 Peak 

R Zz R 
N X 
O | O 
X 
Bae k=G 
3byeux=Br 
Syd aE 


For unsymmetrical olefins (eq 5), hydrogen peroxide re- 


acts with the carbon atom best able to accommodate positive 
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The B-halohydroperoxide is then treated with basic 


(5) 
eG CH HaG CH 
2 one 3 3 : q 3 
‘ a ae +iee 3D ethers 
Hee H 
3 
Br 
@ 
OOH 
H30\ | wees H50, | 
re 
HC | ~H ‘7 


-H 


Methanol Ceq°2)\ om with a-silver salt in a’ suitable solvent 


Ceq 6)°2. 
OOH 
H3Cw | oe, 
a ae 
H3C | CH, 
Br 


In the second route, 


cally (Aaa 


(6) 
G-——( 
AgOAc aN ve 
CoH, or HC CH 
CHoCl, A 


singlet oxygen reacts stereospecifi- 


with electron rich olefins having no ac- 


tive hydrogens capable of undergoing the ene reaction 


Ceq g)!0 a-to the double bond. 


Dhes third ceutes involves 


treating the olefin with triphenyl phosphite ozonide to 
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O——0 
Eto _DEt O» ; Sens. ,.80 EtQ, Et 
C=E o o ‘ 
yo Nu Rot ney CFC1, 4 7 
cis-5 cis-6 
(7b) 
O—0 
ee Oo, sens., hv Le OEt 
Etoane My “78°C, CFCI 
3 EtO H 
trans= > trans-6 
(8) 
o=0! 
a= i 5 R? 
R OOH 
R! Whe ay | a 
“eec- 8 Se ene : “ a 
9 ™p3 reaction 9 Np3 
R R 


form the 1,2-dioxetane (eq 514 Dine this (takes, place in 4 
nonstereospecific manner and has not been used as generally 
as sihevtirs te woemetnodcs. The repometol 4 fourth route to 
1,2-dioxetane by direct ozonolysis of the starting olefin 
in pinacolone as Spinone was later disproven by several 
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Once a 1,2-dioxetane (D) has been made,’ it) could con- 
ceivably decompose to carbonyl products (P) by three pos- 


Sibbe paths? as> shown by ay, a and a3 in Scheme I. The 


SCHEME I 


a 
heat + P+ P <1 DD —4 5 P+ Pinay 
1 2 


heat + P+ 
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py J 
\= , 
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overall rate of decomposition, Kap which would equal the 
sum of k,; ky and k3 according to thas sciueme, .lsveasily 
measured) by Using elther i.r. or nN.omMor. spectroscopy or 
iodometry to follow the disappearance of D or the forma- 
tion of P.- The decay rate of the emitted light intensity, 
ky, is even easier to measure and, because ky »>k3 would 
equal the sum of Ko and k3 in Scheme I. The activation 
energy, Ea and the activation energy of the chemilumin- 
escence intensity, E ORL? can be obtained from Arrhenius 
plots jof Kg and k,, respectively, measured at different 
temperatures. However, a more useful method for obtain- 
ing E Ohl is to measure the initial intensity, I,, Oia 
dioxetane solution at temperature T, and the final in- 
tens 1-by,, I,, after being cooled to temperature To ina 
tine interval sufticiently short Cabouts30s). that the 
change in dioxetane concentration is oe This 


is known as the temperature drop method and gives 


The presence of traces of transition ane ly amines 


and other good electron ono on excited ketones (such 


3 15,18 


as | px or F*) and fluorescers can catalyse the dark 


ay path and give low values of EB. and Eohl obtained from 
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Arrhenius plots. Since the dioxetane concentration does 
not change in the temperature drop method, catalysis of 
the ay path by impurities does not affect the value of 
Echl obtained. The occurrence of such catalysis is thus 
easily detected by comparison of aN obtained by this 
method with E because ES Eon: At low concentrations 
in pure inert solvents, pure dioxetanes show ES = Bare 
There are three lines of evidence that indicate a3 
Hoethe mayor. if not. the only path for Light’ emission. 
The first is that upon decomposition all known D show 
the fluorescence and/or phosphorescence spectra of P. 
As illustrated in Figure I, this is expected for path 
a3 but would not in general be expected for ao: Second, 
when fluorescers such as 9,10-diphenylanthracene (DPA) 
or 9,10-dibromoanthracene (DBA) are added to solutions of 
D, the intensity of light increases dramatically. This 
is easily explained by path a3. Fluorescers emit light 
from their singlet excited states to yield fluorescence 
but do not emit light from their triplet excited states 
to yield phosphorescence since these decompose rapidly in 
solution by a dark path to give heat. This is why they 
are called fluorescers instead of phosphorescers or ex- 
cited state light emitters. The fluorescers DPA and 
DBA are efficient receptors of singlet and triplet ener- 
gies and remove the excitation energies from the 


| px and 3 px states before they can emit heat or light by 
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ELGURE wb 


path ay Since these fluorescers then dispose of this cap- 
tured energy to give light much more efficiently than | px 
OF 3px do by “path a, (1), their addition causes the light 
MIcenst ty "to “Increase 2" “ht “path ay were the only light 
emitting path, it would be hard to explain how the addi- 
tion of fluorescers could increase the light intensity 
since no excited states are generated. The only possible 
explanation would be for the fluorescers to catalyse the 

a5 path. Witsene: has found that some fluorescers can cata- 
lyse the decomposition of some D with simultaneous excita- 
tion of the fluorescer. However, by measuring E Chl by the 
temperature drop method these cases are easily detected, 


since i i ay In the majority of cases, ES 


= rel even 
after the addition of fluorescers and the subsequent in- 
crease in the light intensity. For these cases path a3 


must be operative. The third line of evidence for the 


fayoL Tole oF pacn a3 involves measuring the yields '9 and 


39 of | px and 3 px produced. This can be done in two ways. 
The first uses DPA and DBA (at infinite concentration) to 
intercept all singlet and triplet excited states and meas- 
ures the number of photons emitted by the fluorescer per 


DPA 


mole of dioxetane decomposed. These yields, @ and 


nels are easily measured on a calibrated spectrofluoro- 
meter. For both DPA and DBA an exothermic spin-allowed 


1 px or 3 px CO 


energy-transfer step transfers energy from 
the corresponding excited state of the fluorescer with 
WntedefEiciencyaa Lheyonly exceptionwtosthis occurs for 
DBA in which overlap by the outer orbitals of bromine 
causes mixing of the singlet and triplet states allowing 


atcertainfiractions,:® of excited triplet states to 


TS” 
transfer energy to the excited singlet state of DBA“O . 
Because of this exception, DBA is well suited for measur- 


ing 39. Since the efficiency of light production, the 


fluorescence yield, for DPA is unity and temperature inde- 


ote '9 = cee The fluorescence yield of DBA, 
dete: istlesssthanpunity (~20.1J-and-isinot temperature 
Pheepeddenkeen Also, Org is dependent upon the structure 


29993 


of P and the solvent system used Thus, for very 


accurate measurements, Ors must be found for each dioxe- 
tane-solvent system being studied but when exact values 


are not needed, an approximation of between 0.1 and 0.3 


1 a) 


Ps ands i<k* torm.execa ted 
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is usually used. Since both 


singlet states of DBA, this contribution to ope must be 
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subtracted. This gives 


DBA DBA,ADPA 
DBA DBA 
OF Ors OF rs Ors 


In normal dioxetanes 39 is much greater than '9 and this 
BA 


ale 


Correction. for the ‘px CONULTOULLON LO g? is usually 
ignored. If path ao is operative to some extent, then 
these values of 19 and 39 represent upper limits on the 
yields of excited states. The second method of measuring 
these yields is to react the excited states chemically 


an found that trans-dicyano- 


with other molecules. Turro 
ethylene forms an oxetane with singlet excited states of 
acetone but is converted by triplet states to the cis 
isomer. Once the efficiencies for these reactions are 


1 3 


determined by measuring the yields from P* and ~P* gen- 


erated photochemically, it is easy to calculate '9 and 
39 from reaction with D. To prevent the possibility of 
PrLeusSystem Crossing isc ii Fagure cl cor Kec in Scheme 1, 
high concentrations of olefin are used. The results of 
this method for tetramethyl-1,2-dioxetane (4) when com- 
pared to the method using fluorescers are fdantieal 
Therefore, since the difference between the first and 
second methods should show the amount of light emitted by 


path Ao» this*path is either inoperative or occurs at 


levels below the limit of current experimental detection. 
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The mechanism by which path a produces excited 
states is the subject of much debate ge Any mechanism 
must explain how ES and ‘9 and 39 are influenced by the 
structure of D. A selected list of these values appears 
Paria Ley lr MeGenna<: first suggested that decomposition 
of D by a concerted mechanism should, according to 
Woodward-Hoffmann symmetry rules, proceed by a 4n anti- 


aromatic transition state and form one of the product mole- 


cules in an excited state (eq 10a) which would then emit 
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Rennes: drew a series of orbital and state correlation 
diagrams to explain how chemiluminiscence might occur, but 
these were of little predictive value. pecnerieen a0 Es 
proposed an excitation mechanism in which the rate-determin- 
ing step is cleavage of the O-O bond to form a 1,4-biradical 
(eq 10b). However, Turro“® argued against this mechanism 
BAG ston SeccoumiLeiLt paatutor the hheiereatio lof atuiplert to 
singiet states usually observed upon dioxetane decomposi- 
tion, proposed a special spin-orbit coupling interaction 


as the concerted transition state was approached. This 
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inspired Richardson to assert that the biradical mechan- 
ism could also explain the high triplet-singlet ratio and 
to produce evidence for this mechanism by making 7, 8 and 
9 in Table I. In a concerted mechanism, addition of phenyl 
groups to the dioxetane ring should stabilize the transi- 
tron stare ang result in. a lowering, of Eo: The observed 
lactucwithis result in’ /,.8 and 9 is consistent with a 
biradical mechanism. Wahtucsuse 2 failed to find any second- 
ary isotope effects with deuterium substitution on the di- 
oxetane ring in trans-3,4-diphenyldioxetane that would be 
expected in a concerted mechanism. However, Wilson and 
Barcilerer made 10 and 11 and found that in comparison 
with 10, 11 had an exceptionally low Eo: They also found 
that 11 produced only fluorescence emission. They sug- 
gest a concerted decomposition mechanism for 11 in which 
overlap during the transition state can occur with the 
singlet «,x* state of fluorenone, while for 10, overlap 
could only occur with the singlet n,x* state which pro- 
vides little transition state stabilization and leaves 10 
to decompose by the normal biradical path. Megan raac re- 
ported that 12 forms singlet excited products with un- 
usually high efficiency. He proposed a mechanism (eq 11) 
whose only difference from the chemically initiated 
electron-exchange luminescence (CIEEL) mechanism (eq 12) 


SSR 4 


developed by Schuster to explain the luminescence pro- 


duced by 13 with DPA but not with DBA is that the electron 
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donor and acceptor are within the same molecule. DBA does 
not produce luminescence with 13 because it has a higher 
ionization potential than DPA and cannot form ppa‘t?. 


Wadlcont proposed a process similar to the CIEEL mechanism 


(11) 


for the catalytic effect of fluorescers on dioxetanes in 
which weakening of the O-O bond in the ‘collision complex" 
occurs with simultaneous excitation of the fluorescer. 
eter has invoked intramolecular electron transfer to 
explain the low E. and high singlet yields of 14c relative 
to 14a and 14b. 

Fusion of the 4-membered dioxetane ring with one or 


more n-membered rings can create steric ring strain that 
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is relieved upon decomposition of the dioxetane ring. 

The effect this can have on ES and '9 and 29 provides 
information about which mechanism is being followed dur- 

ing Bee ee Ab initio, calewiations of the reac- 

tion coordinate for 1,2-dioxetane cleavage indicate that 
breaking of the O-O bond is the first sua. Wilson 
compared 15 with cis-6,and concluded that the release of the 
CMe anedy oro eKca wil siMeestram occurs, after, the transi-— 
tion state is reached because of their nearly identical 
values for Eo: However, Beenie ° Found otha 1G. iis less 


seabilethan wvs by, Zekcald/ mole. His explanation is, that 
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strain energy caused by the 4-membered ring distorting 

the shape of the 6-membered ring is relieved during the 
transition state if O-O0 stretching to form the diradical 

is accompanied by a twisting motion during decomposition 
(eq 13), thus /\lowering Ea: Since 15 and 16 have about the 
same ree this extra strain energy should be about the 
same for both of them. But 16 is less stable than 15 by 
some U.O=—c -4 keal/mote. This could? be due to stabiliza-— 


tion of 15 by an axial oxygen atom due to an anomeric ef- 
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fect as suggested by Ronee or to axial interactions 
with the extra hydrogens contained in 16 but absent in 15. 


40,41 investigated 18, 19, 20, 21 and 22. Com- 


Kopecky 
parison of the ES values for these molecules with the 
value of E for 4 shows that E. usmaverace for 16, 120 
and 21, below average for 19 and above average for 22. 
fie wien Stabierey soLp22eTeSUlts rom a steric inter— 
action that forces the hydrogen atoms attached to the 
carbon atoms adjacent to the bridgehead carbon atoms in 
the 7-membered ring closer together as the O-O bond is 
stretched. This effect is even more pronounced with the 
sterically congested 23. Comparison of ‘9 and 34 indi- 
cates a wide fluctuation in excited yields from molecule 
to molecule with exceptionally low values again for 19. 
No explanation can be found at present for these excep- 
tionally low values of E and 19 and 39 for siya e In- 
Order tO. Nelp .ind, an expranactiron, an initial project of 
measuring the activation energy and excited state yields 


Of 24 was chosen. -—[nissmolecule as actually a tusion of 
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19 and 21. Inspection of molecular models shows that it 
is very strained and that it cannot twist as the O-O bond 
forms the diradical. Since all previously made 1,2-dioxe- 
tanes are capable of twisting as the diradical is formed, 
the triplet-singlet ratio in this molecule could reveal 
the extent that this twisting influences the production of 
eémcuted statbese, RésuktsmintTableiinfon-tricyclical :2- 
dioxetanes in which twisting should be more restricted 
than in the bicyclic cases indicate that a twisting motion 
is not necessary for the efficient production of excited 
SHaAvesE 

Unfortunately, this project of measuring the activa- 
tion energies and excited state yields of 24 could not be 
achieved. As will be explained in more detail later in 
this thesis, 24 decomposed to give light immediately at 
all temperatures required for its formation from B- 
halohydroperoxides by treatment with either silver salts 
Orsbasen.eq Opie shis-extracrdinaryains tabs lity. mayeindi = 
cate a change from a biradical to a concerted mechanism, 
although it could also indicate an exceptionally weak 
O-O bond. Most of this thesis involves the development 
Of, aanew synthetic. procedure, for, thes productionwof_olefin 
antia-2Z). «This~olefin, could) not be isolated. using.the. pub- 
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lished procedure of Bartlett and was needed as the pre- 


cursor sloeZo. 
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RESULTS AND DISCUSSION 


Bar mleriie 


has synthesized_olefin enti-Z25_ in “4.87 
overall yield as outlined in Scheme II. While repeating 
this reaction scheme,several problems, two minor and one 
major, were encountered that required certain modifica- 
tions to be made. These modifications are outlined in 
Scheme III and resulted in the production of olefin 
Bote 2 eit) Of Overalls wae! dd. 

The unusual numbering system used in this thesis is 
a mnemonic aid for remembering monomethyl(m), monoethyl 
Ce) and dimethyl(mm) esters of the parent dicarboxylic 
ee ids: 

The first minor problem was that dimethyl acetylene- 
dicarboxylate, 26mm, was not readily available. However, 
acetylenedicarboxylic acid; 26, was obtainable and could 
be esterified to produce 26mm, but this reaction was in- 
convenient. This esterification also seemed unnecessary 
since the ester groups formed were subsequently hydrolyzed 
to producesthe desiredmdiacid 28. .The first modification, 
therefore, used 26 instead of 26mm in the Diels-Alder reac- 
tion with cyclopentadiene. This reaction was performed by 
Diels and dean and was modified by cooling to prevent 
the formation of a greenish discoloration that was diffi- 
ewlt oO remove... Hydrogenation. of the product #27 ; gave 28 


in) /920) Overall yield as compared with Bartlett's 60%. 
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The second problem encountered was also minor and in- 
volved Bartlett's use of silica gel to catalyze the Diels- 
Alder reaction between anhydride 29 and cyclopentadiene 
at room temperature. This procedure required the use of 
10 g of silica gel and about 5 g of cyclopentadiene per g 
of anhydride 29. When this procedure was repeated, the 
desired products were isolated but the silica gel developed 
a greenish color that was not removed by washing with 
chioroform or ether and had to be discarded. This pro- 
cedure seemed wasteful of both silica gel and cyclopen- 
tadiene. Bartlett reported that both the uncatalyzed and 
AlCl,-catalyzed Diels-Alder reactions were unsuccessful. 
In the second modification heating anhydride 29 with just 
a slight excess of cyclopentadiene in toluene as solvent 
ato Croverniehnts produced a mixture of «ants ‘and Sapa sie 
gOS SCE. asveidh = - which was virtually identical to Bart- 
ett is 04... Howevermabartlettareported “the ratio of \ants 
toesunoa SOs dca | Ce relLatiVe tatlowor anti tOusun- 350 
found in several crude reaction mixtures run at different 
temperatures in toluene was determined by integration 
of the Vy NMEBeabsorpions at 6.0.30. and 6 6.46 due ato 
their respective vinyl protons. These absorptions are 
far enough apart that fairly accurate integrations can be 
Obpe ined s Sine wrocis ts are shown singable Ii.) the optimum 
temperature for this reaction appears to be about 80°C since 
at 110°C less selectivity was shown for the production of 


the desired isomer anti-30, while at 50°C about 207% 
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of unreacted anhydride 29 was still present in the re- 
action mixture even after three days. To determine if 
syn and anti-30 were in equilibrium under the reaction 
condi trons, *syun-30 was placéd’ in. toluene a~ts120°C over-— 


night. No change was observed in the Vy NMR spectrum. 
TABLE If 


Temp/\C %€ ) RX. Time: (Ch) ag) 2130 syn 30 


Four isomers are possible from this reaction. Under 
Bartlett's conditions using silica gel at room temperature, 
only two isomers were formed, the exo,exo isomer, syn-30, 
and the exo,endo isomer, anti-30. Bartlett determined 
the structures Of “sym pOsand, ot anti-31 made .irom sant7 — 30 
by X-ray crystallography. The two observed isomers result 
from the addition of cyclopentadiene to the exo side of 
anhydride 29. This was expected since Edman and Samia. 
had shown by the method outlined in Scheme IV that at 
least 90% of the addition of cyclopentadiene to the 
structurally similar anhydride 36 proceeded by exo addi- 
tion. Additrog fot d¢-cyclopentadiene endo to anhydride 
36 would have produced dilactone 38b instead of the ob- 
served dilactone 38a. These two isomers were easily dis- 


tinguished by their Vy NMR spectra. For anhydride 29, 
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SCHEME IV 
pide Ga, 
CO5H CH, Cl, 
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30 


additional steric hindrance by the endo 5,6 protons fur- 
ther decreases the likelihood of endo addition. 

The difference in selectivity towards cyclopenta- 
diene shown by the ratio of anti. to sun products of 60:1 
and |.5:1 for anhydrides 36 and 329. respectively, was 
noted by Bartlett who expressed surprise but offered no 
explanation. In both anhydrides the major product results 
from addition of cyclopentadiene contrary to Alder's rule. 
ACCOLGINg® CO this rure,. the: p orbitals. of Co and C3 ogy 
cyclopentadiene would overlap the p orbitals of the car- 
bonyl groups during the transition state to produce the 
syn isomer. Edman and SGimenig proposed that steric 
factors play a dominant role in determining the high 
hablo Of enti tOgsun products: produced trom annydride 306 
but did not elaborate. It seems likely that steric inter- 
action between the Co proton syn to the anhydride group 
in 36 and the methylene protons on cyclopentadiene would 
eccur durine addption according co Alder’s rute, but would 
be absent during addition contrary to Alder -s rule. “For 
anhydride 29 the C5 proton syn to the anhydride group 
may be further from the reaction site and allow addition 
accoraing to Alder'’s rule to occur more readily ; 

The vconversion of dlacid 2/7 =o ante: -3/ as shown in 
Scheme IV followed by hydrogenation would appear to offer 
a better synthetic route to anhydride anti-31. However, 


the successful conversion of 2/7 to 36, which gave poor 
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yields with all anhydrides tried and with carbodi- 
Pde ae oe rends GCuitical lyon @thespucity,ot , the, drecar-— 


aaa) Due. toathe incon— 


boxylic acid and ethoxyacetylene 
venience of preparing ethoxyacetylene from diethyl 
chloroacetal and sodium amide in ammonia, this method 

was not used. The overall yield from 27 to anti-37/ by 
this method is 42-49%, while the overall yield from 27 

to anti-32m shown in Scheme III is 38.4%. The two methods 
give approximately equal yields but the method shown in 
Scheme III is easier to perform. 

Bartlett initially separated the mixture of an- 
hydrides syn-30 and anti-30 by column chromotography and 
then hydrogenated each separately to the anhydrides 
syn-31 and anti-31, respectively. However, he then found 
that the anhydrides syn-30 and syn-31 could not be 
hydrolyzed to the corresponding dibasic acids by treat- 
ment with hot ethanolic potassium hydroxide. Further- 
more, anhydride syn-3l, was stable to hot sulfuric acid 
and.was ‘impervious, stojattack by) sodium tert-butyl] 
peroxide. He suggests that this unreactivity is due to 
the two syn ethylene bridges blocking access of any 
nucleophile to the anhydride carbonyl groups. The an- 
hydridessanti1-S08andsanti-31,4which havewa much smallér 
methylene bridge in place of one of the syn ethylene 
bridges, are unable to completely block an incoming 
nucleophile and reacted readily with hot ethanolic po- 


tassium hydroxide to form the corresponding dibasic acids. 
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This provided a convenient method for chemically separat- 
Me. Mrxtunres Ol syn and anti-3s0,0n syn, and anta-3t. 

To separate a mixture of syn and anti-30 Bartlett 
heated the mixture in a solution containing 3:1-Cv/v) 
ethanol-water and 3 equivalents of potassium hydroxide. 
Water was added to the concentrated solution and the 
crystals of syn-30 that remained were filtered. Crystals 
SEediacid ants =33.tonmed upon acidifying the filtrate.- 
To produce the desired syn-31 and anti-32 he then per- 
formed two hydrogenations, one on syn-30 and one on di- 
acid woo. | Sunland anti-326 Canta 32m). jwerne isolated 
with fewer manual operations by a minor modification shown 
in Scheme III that used a single hydrogenation to convert 
auMextUre Ol sun and antiso0 Cova mixture of syn and 
anti-31, which were then separated by Bartlett's proce- 
dure. Although Bartlett did not report using this pro- 
cedure’ to” separate mixtures of*syn and anti-3l, he did 
Peport as mes iaeeslOmcONnVver tl, pure inti -5t CO dgacira— 32. 
However, when he acidified this solution, he often ob- 
tained an oil that had to be recrystallized fromethyl 
acetate” and Gid not report°a yield for this” reaction. 
When Bartlett's procedure was used to separate a mixture 
of sgn* and antz-31, this oil’ was again observed upon 
acidifying the filtrate that resulted from filtering the 
Crystals Of -“syun-31. The oll” was extracted! into ether and 


the solution evaporated to dryness. ly NMR (CDC13) of 
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this dry powder showed a quartet at 6 4.25. A small 
amount of this impurity, about 6%, was isolated as de- 
scribed in the experimental section and was found to re- 
sult from attack by ethoxide on the anhydride group of 
antu-3) totwieldvanci-52e: Theamost helpful of the 
methods used for determining the structure of this mole- 


cule were its elemental analysis, its absorption in the 


OSS 6, co sea) 
OF Ont OH OEt 
arta 37S E Woignge Beco vo | = 


'y NMRe at. 6 4.25 Ca. 2H). and. 1ts mass spectrum with. m/e 


TSN? ET ME 2608032 ..0Mi Hp O)a 250.4(0.24,.M) CH —CH), 
2 BVAS CAST AO ME M"-CO,), Foo) IAI 15s 3 M"-OCH.,CH,), POL CS Ones. 
M*-HOCH,CH,), DAD ETO ae M*-C,H,) and 194 (Base, M'- 
CoH¢-H50). A small peak in the mass spectrum at m/e 

219) 42-0 pe was tenored and could. be: due: to,proton, transit er 
by the acid group when the sample was injected at 200°C. 
THUS webu SiMe soaetblel tc. DLOCedume. to produce .d1acid 

ania -o2.e) COMeannvanide, antd 31, .some. anti —326 1s also 
produced as an impurity and may be responsible for the 

oll that of tem forms during. work-up. The possibility 
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during Bartlett's separation procedure was not investi- 
gated. 

The third and major problem encountered with Bart- 
lett's scheme was that the electrolysis step converting 
diacid anti-32 to olefin anti-25 did not work when per- 
formed on the platinum gauze electrode apparatus that 
was available. This reaction was repeated many times at 
temperatures ranging’ trom: 0° €) to=(00°C€ Bbuto no? trace of 
olefin anti-25 was ever isolated. This could have been 
caused by insufficient voltage which was typically only 
about 10V when the current was 0.8A. Bartlett had reported 
about O0Veat, OF SA.’ Increasing tie current im anvancempt™ to 
increase the voltage activated a fuse that caused all cur- 
rent to be lost. A short circuit between the electrodes 
was not present since the current dropped to zero when 
the reaction solution was removed. However, vigorous 
bubbling as described by Bartlett was observed at the 
anode, presumably from CO», and the current dropped from 
O@SA~ to about OZ ZAyovernight> an indication used by Bar t- 
lett to determine that the reaction was over. Attempts 
to recover either the starting’ diacidPanty-32)0r. the 
annyaride ante-ol yielded» only ar sticky Dlack® tare? *Since 
the yield obtained by Bartlett for this reaction was only 
abpOut ZU. and because ot the difficulty encountered in 
duplicating even this low yield, a new method to achieve 


this synthetic transformation was sought. 
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One of the problems with performing reactions on di- 
acid anti-32 was that it easily dehydrated to reform an- 
hydride anti-31. For example, after it had been removed 
from anhydride syn-31 by Bartlett's separation procedure, 
this acid was often extracted into ether during work-up. 

If all traces of mineral acid were not completely removed 
by washing this solution at least five times with distilled 
water, then anhydride anti-31 was the only product re- 
covered when the solution was evaporated to dryness on a 
rotary evaporator. When Bartlett attempted to perform 

a bisdecarboxylation reaction with this diacid or its 
dipotassiumesalt to dicectlywform, olefinwanti.25,by,treat- 
ment with lead Lose and pyridine in dimethyl 
sulfoxide or benzene, only anhydride anti-31 was recovered. 
Another attempted bisdecarboxylation reaction tried by 
Bartlett using cuprous oxide and 2,2-dipyridyl in 
areciaeaeeen™ gave the same result. Because of this de- 
hydration problem, he then tried removing the anhydride 
group of anti-31 by treatment with bis (triphenylphos- 


20 and of syn-31 by treatment with 


2 


phine) nickel dicarbonyl 
tris (triphenylphosphine) rhodium chloride tomeonmethe 
corresponding olefins, but he observed no reaction. This 
was probably due to steric hindrance by the ethylene and 
methylene bridges syn to the anhydride group. His at- 
tempts to remove the anhydride group of anti-31 photo- 


chemically and of syn-31 thermochemically to form the 


corresponding olefins were also unsuccessful. 
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The reactions performed by Bartlett covered all known 
methods for removing an anhydride group to form an olefin 
and so a new method had to be devised. The previous iso- 
lation of the ester acid anti-32e suggested that the 
first step in the new method could be the removal of 
just one carboxylic acid group by treatment with lead 
tetraacetate while the other was protected as an ester 
group to prevent the dehydration that Bartlett had ob- 
served with the diacid using this reagent. Removal of 
the acid group by lead tetraacetate from a normal ter- 
Ebiary carboxylic acid leaves aicarbocatyon that, eather 
eliminates a proton from an adjacent carbon to produce 
olefin as the major product or adds acetate to give a 
minor product. For this molecule the formation of an 
olefin would have to occur at a bridge-head position and 
so addition of acetate was expected to be the major 
path. Removal of the protecting ester group by hydro- 


lysis to reform the acid would also hydrolyze the acetate 


to an alcohol. The problem would then become one of 
converting a B-hydroxy acid into an olefin. Perusal of 
oye 


the literature showed that Adam had found a one-step 
procedure for this transformation using two equivalents 
of benzenesulfonyl chloride in pyridine at 45-55°C. 

The mechanism for this reaction as it would apply to 


hydroxy acid 35 is outlined in eq 14. Using this pro- 


cedure, he reported yields ranging from 55-82%. This 
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anti-25 
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+ HCl 
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synthetic path that used four reactions in converting 
anhydride anti-3l1 to olefin anti-25 was investigated as 
a replacement for Bartlett's method that used two reac- 
ErVons’. 

In the first reaction of this sequence the methyl 
ester acid anti-32mM was isolated from a mixture of syn 
aideantz-Slvin a modified version of Bartlett's» procedure. 
ineorder to: samphity, the Yq NMR spectrum the methyl ester 
acid was chosen instead of the previously characterized 
ethyl ester acid anti-32e whose triplet from the ethyl 
group occurred in a region already profuse with multi- 
plets. In this new separation procedure the mixture of 
syn and anti-31 was heated with about three equivalents 
of sodium methoxide in absolute methanol. The basic re- 
action mixture was then concentrated, water was added and 
the crystals of syn-31 that remained were filtered. Acidi- 
fication of the filtrate afforded the methyl ester acid 
anti-32m. After several hours in refluxing methanol 
very little reaction had occurred and almost all of the 
starting mixture was recovered when water was added to 
fhe concentrated reaction, solution. Since antz—-31 had not 
completely reacted, the reaction was performed in a glass 
pressure bottle and higher temperatures and longer reac- 
tion times were tried. At this time the exact ratio of 
anti-30 to syn-30 produced in the Diels-Alder reaction 


between anhydride 29 and cyclopentadiene in toluene that 


38 


a 


gris aarerery 20083 


a a ft 20 
ae besegifaeve) aew 2 -£ ") 
-306% owt beau fads berg nes 


: ‘ ; os 


iydtem eff sdpeupse at03 be 


aio 
: EE & oy ae Fae 
¥ 


aye S SagtE2o e@ nox? bé oat 


. 7  - 
ame 1% - +388 6) 
‘ rq vwohagti > ‘ae 


4 
2 >) > Te es 
ad \ : ' 1 
t 1 ; a - J o " 3 
eyoetit? 19 bentam@et tett PTS 
_ 
ohn) 
fi 1 ri O36 
Paki 
_ 
s = 
; ) ) +.ni = exygvoe rottA “GER 
‘a 
: r ; ; t \+ea9 = 
= 
s 
26v isjew nofw betaveoseq «aw ssuree 


4@ aft omiy aids JA Opitz? stew nam 


ids tobiA-aletd adit al Bbenwbota Of -nvs\ed O85 


- ¥, a ; 
3 wi ensibstneqoloys Soe PS ebicbedae neewd 


7 


is shown in Table II was not known. Since Bartlett had 
reported that "no conditions were found under which the 
syn-saturated anhydride syn-31 could be hydrolized" due 

to steric hindrance by the two syn ethylene bridges, this 
ratio would be determined by making sure the reaction with 
anti-31 went to completion by using high temperatures and 
long reaction times and then comparing the amount of 

anes 252m produced ttc. the amount’ of “syn—3T :crystal’s “iso- 
lated by filtration. As these higher temperatures and 
longer reaction times were tried, fewer and fewer crystals 
of syn-31 were isolated relative to the amount of start- 
ing material. In one reaction at 120°C over the weekend 
Bhesiratio tof (masstmi ssing ‘from "starting mass *to syn-31 

Wasi about” =e eine iwas V.obviocus'§ that "very Tittle ‘syn+30 
was produced by the Diels-Alder reaction in toluene. How- 


' gave a powder with 


ever. é@tisolatiomof tthe “nissine- mass’ 
a wide melting point range and it was recrystallized from 
ethyl acetate at room temperature overnight. The pretty 
crystals that formed were easily identified as anti-32m 

bye elemental analysis ,“'thel absorption ‘atio 8.7 2s", 3H in 


Vy NMR spectrum, and its mass spectrum with m/e 264 


the 
(2.9%, M"), 246 (3.2%, M’-H,0), 233 (8.1%, M™-OCH,), 
DEVEKBY ELE M*-HOCH), 220UGB4 875 M*-CO,) and 198 (Base, 
M"-C.He). However, of the initial mass used for this re- 


crystallization, less than half was recovered as anti-32m. 


No new crystals formed when the ethyl acetate solution 
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was cooled overnight at O°C and several seeding crystals 
that had been placed in it did not grow. The powder iso- 
lated after the solvent had been removed had a wide melt- 
ing point range that was not improved by several recrys- 
tallizations from ether-pentane, no absorptions in the 

ly NMR corresponding to a methyl ester, and no mass at 

m/e 264 in the mass spectrum. Since this powder contained 
side products and not the desired anti-32m, it was ignored 
for many months. When it was realized that the ratio of 
anti to syn-30 produced by the Diels-Alder reaction in 
toluene had still not been accurately determined, this 


1 


ratio was determined by H NMR integration as previously 
described to produce the results shown in Table II. The 
2.6:1 ratio determined by this method was very different 
from the 7:1 ratio that had been seen during chemical 
separation. Because of these results, some anhydride 
syn-31, which had accumulated over the months to a siz- 
able quantity, was heated with sodium methoxide in abso- 
lute methanol at 150°C for two days. However, since 
Bartlett had shown it to be stable to boiling sulfuric 
acid, no reaction was expected. Thus, it was surprising 
when no crystals formed upon addition of water to the 
concentrated reaction mixture and even more surprising 


when the diacid syn-32, not the ester acid syn-32m, was 


isolated in 83% yield. This diacid showed absorptions in 
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the 1 


HONMR at Onl 0=5 (bry 2H) due tostwo carboxylic gerd 
groups with no absorptions corresponding to a methyl ester, 
was pure by elemental analysis and had peaks in the mass 


spectrum with m/e 206 (34.1%, M*-COo LSOF (Oe eNO 


ws ae 

1 Oderc1 60 KERS 7, M™-2C0,H), 40 CU Se5 2. M”-CO,-C, He ) and 
door (Base. M"-CO,H-C.H, ). When the ester acid anti-32m was 
treated under these conditions overnight, the diacid anti- 
32 was isolated in 8/% yield and shown to be identical by 
mixed melting points to an authentic sample previously pre- 
pared. Finally; when Owe of syn-3l? were’ treated with just 
one equivalent of sodium methoxide in absolute methanol at 
DUS Cehore just. | Jel ied oo Obra mixture -containings both 
the diacid syn-32¥and*=the methyl ester acid syn-32m 

Was optained a From thissmixtures0 .29erotgsun= 32M was 
isolated by recrystallization from ether-pentane. This 
sample was pure by elemental analysis, exhibited peaks 

in toe mass spectrum rat m/e 233 eC s2 oe M’-OCH,), 220 

Vy Ga te 


CR y Sere NOR (827 AMG 


2?» 5He?> 
HOCH,-CO,), 160 (14.9%, M” -HOCH.-2C0, ) and 153 (Base, 


M”-CO,H-C.H, ) andeivad al wabsorDuLonratio so oom css. oH). cin 


ly NMR, <A mechanism consistent with these results 


ay: 


the 
feFoutlined for “the sum anhydride s=inveq tos pineold 
termed the Sy2 reaction bimolecular base catalyzed alkyl- 
oxygen fission (Byy2)- Ruane Was birst torreport Ehe 
Bar? mechanism in solution. He isolated both dimethyl 


ether and benzoic acid when he heated methyl benzoate 
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wit OU aGed OG eek OLR ies neactrons, With isyn=5.) .and 
anti-32m no attempt was made to determine the presence 
of dimethyl ether. The mechanism shown in eq 15 nicely 
explains the unknown powder that was obtained from 

the ethyl acetate solution after the initial crystalli- 
zation of the crude anti-32m. Under the high tempera- 
tures and long reaction times used in the separation 

of sun and anti.5h, Some of the anti=32m that had 

formed reacted again with methoxide by the Bar2 mechan- 
ism. CO produce, the diacid entz-32. lf this had been ‘the 
only diacid formed, it would have been easily identified. 
However, syn-32 was also produced and this caused the 


wide melting point range that was not improved by 
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recrystallizationinether-pentane because of the simi- 
lar physical properties of the two acids. Since both 
are very soluble in ethyl acetate, they remained in 
solution during the crystahlizatiomor anti -32m. file 
mass spectrum and the |H NMR spectrum of this powder are 
easily understood since no methyl esters were present. 
To minimize these reactions the separation procedure 
Was: Cartrred ‘olitwat SO°C in Shor 1éss). 

The isolation of syn-32m raised the interesting 
possibility of synthesizing olefin isyn=Z25 by the same 
sequence developed in converting anti-32m to olefin 
ened 2oethnat vs. outlined in Scheme 1TI. This olefin is 
currently made in 19% overall yield by the procedure 


shown in Scheme yoo 78 | 


Since determining the optimum 
conditions for the synthesis of syn-32m would be tedi- 
ous and since it did not seem likely that a yield better 
thane 19.2would be obtained. “biusspossibil ity was not 
investigated. 

Before Bartlett reported the synthesis of olefin 
anti-25 in 1980, the reactions outlined in Scheme V 
were considered as a possible synthetic route to this 
olefin. ese! had reported that reaction of iso- 
dicyclopentadiene 41 with maleic anhydride in ether 


gave a quantitative yield of the anhydride anti-endo-42. 


Since removal of the anhydride group could be achieved 
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by a number of methods, this reaction sequence offered 
a promising route to olefin anti-25. Much time and ef- 


fort was spent performing the reactions of this sequence. 


0 
Ota cay ay 

Hc=o ~, 
pane . 


entwechaon42 syn-exo-42 


From a theoretical viewpoint the most interesting 
of these reactions was that of dicyclopentadiene endo-39 
with excess 35% HCl at room temperature. A Newman pro- 
jection of this molecule along the Cy-C3 and Ce-Ce bonds 
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ceivably occur at either of the two double bonds to form 
carbocations at Co» C3, Cg and Cg- These are all second- 
ary carbocations and might be expected to have similar 
stabilities. However, as seen in Figure II, a carbocation 
at C5 would have a vacant p orbital parallel to the ad- 
jacent C, -Ce bond that would allow the positive charge on 
Cy to be delocalized through orbital overlap by forming 
intermediate 39a shown in Scheme V. TRAE SEP first dem- 
onstrated such orbital overiap in studies on the norbornyl 
cation. Intermediate 39a, which contains the norbornyl 
cation skeleton, explains the isolation of exo-40 as the 
sole product from endo-39. Intermediate 39b formed by 


overlap of the vacant p orbital from a carbocation at C3 


39b 40a 39 ¢ 


with the parallel C,,-Csbond could also explain this iso- 


merization but would produce 40a instead of 40. Partial 
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stabilization of positive charge by overlap with the Cg- 
Cg x bond is possible din 39a.but notiingg9b.) -However,.as 
seen in Figure II, this x bond is 30° away from being 
parallel to the C,-Ce bond and this overlap is not exten- 
Stiwve:. pelcoryuthist neason,<s tabi lization of).a catiionrat Cg by 
ovemlap,of fists pvacants\p.-orbitaloacieh sthe C,-C¢ bond to 
form intermediate 39c does not occur. No such interme- 
diate is possible for protonation at Cg- Because of the 
mild reaction conditions used, protonation takes place only 
on the Co-C2 bond to form the stable intermediate 39a and 
not on the Cg-Co bond to form the less stable secondary 
carbocations. As shown in Scheme V addition of water to 
form the alcohol can then occur but this is reversible and 
leads to the formation of exo-40 as the sole product by 
the irreversible addition of chloride. 
Isodicyclopentadiene 41 was prepared by the remain- 
ing sequence of reactions in Scheme V that require no 
special discussion and was treated with maleic anhydride. 
Attempts to remove the anhydride group from this product 
by formation of the diacid followed by treatment with lead 
tetraacetate in dimethyl sulfoxide produced a black 
sludge, presumably caused by reactions involving the cen- 


60,61 


tral double bond. At this time Paquette reported 


thatithesstevucture ofuthtsproduct was mot ‘an uisendo—42 
Dil, 


as reported by Alder but Wasa 2421 ynLx tune fof es n=endo— 


42 and syn-exo-42. He found that maleic anhydride and 
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other dienophiles add to the endo side of 41 because of 
electronic, not steric, reasons and used the addition of 
phenyl vinyl sulfone to 41 as a key step in the synthesis 
or tthe olefin syn-—Z2> that «i's, outlined in’ Schenie V> kor 
this reason and because Bartlett had just published his 
procedure for the convenient synthesis of “olefin antz—25, 
this approach was abandoned. 

The second reaction in the new synthetic route to 
olefin anti-25 was to remove the carboxylic acid group 
of ester acid anti-32m by treatment with lead tetraace- 
tate. This reaction was performed in a refluxing solu- 
tion of benzene and acetic acid. Acetic acid was present 
ro vot dissolve antas2mMeana LO “Laci! cate -addrt ror or 
acetate to the carbocation formed by removal of the car- 
boxy lic *acid “group. Completion ‘of "this*reaction “was 
indicated by the disappearance of the initial yellowish 
Caroreana Usually: took Toto 20. baste wasiines Of this 
Sorution gave “about 1) om the starting ester—acid anti — 
32m when acidified. Pentane was added to the dried 
benzene solution and a 55.6% yield (65% based on re- 
covered starting material) of ester-acetate 34 was ob- 
tained. The structure of 34 was confirmed by its ele- 
Mental analysis. ris avsorptions at 6.5.04 Cs. 3H) trom 
CO,CH, and Ze sme HO rom COCH, in its Ty NMR spectrum 


and its mass spectrum with peaks at m/e 279 (7.6%, M*+1), 
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wiioege AMY @' a9? of -NOOD east CRE 9? 18, 


PTA IES 5 eM) 260 (12,300 -HeOygo0) (72.078 

M”-CH,=CH, Orn cOnm 24] CVO M"-OCH,), 236 (Uru 
M*-O=C=CH,), PSY Cin iy M"-CO,CH), pe (13 0%. Ma 
CH 208 (69.4%, M’-O=C=CH 


9 SF 
3C0,H), 212 (3.1%, M”-CcH,), , 
_ 3 ~ ! 
(CHj=CH, or CO)), 204 (28.7%, M”-CH,CO,CH,), 190 (13.5%, 
M* -~CH.CO H-(CH»=CH, or CO)) and 176 (Base, M” -O=C=CH, - 


CH,CO,H). Further confirmation of this structure was 
provided by its conversion to the known olefin anti-25 
and is discussed later. It should be noted that addition 
of acetate trans to the ester group is sterically not 
possible. Attempts to obtain more than two crops of 

34 from the benzene-pentane solution were unsuccessful 
and it was evaporated to a powder that contained 21.7% 
of the starting mass. This powder showed at least three 
overlapping spots on TLC™“ether), had an Ty NMR spectrum 
with strong absorptions at 6 6.5-6.3(m) belonging to 
vinyl protons and with almost no absorption in the re- 
@10n 6 2.259-1.95 belonging to acemate protons It also 
showed an IR spectrum with strong absorptions from 1860 
GO. hO50 one belonging to carbonyl groups and with no 
absorptions from 3600 to 3200 cm7| belonging to an 
alcohol group that could result from hydrolysis of the 
acetate group in 34 during work-up. Although no attempt 
was made to identify these products, the formation of 


olefins containing vinyl protons can be explained as out- 


lined in.Scheme VI: The initially formed radical 34a can 
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react with acetoxy radical to give 34 directly or it can 
be further oxidized by way of 34b to yield the carbocat- 
ion 34c. The presence of two trans-fused norbornyl rings 
in. 34c ail Lows: the carbocation at Cg. to be stabilized by 
orbital overlap with either the C,-Co bond or the C7 -Ce 
bond to give rise to intermediates 34d and 34e, respec- 
tively. An intermediate involving stabilization of this 
carbocation by simultaneous overlap with both of these 
bonds is an interesting possibility. Because access to 
Ener ybtentiany-'’ carbon: at Ce is sterically hindered, re- 
action of acetate could occur at 'secondary'' carbons C, 
and Cg toigive mise to iproducts: 43uand 44 respectively, 
Or beprimary’+-canbons C, and Cj to form 45 and 46, 
respectively. Elimination of acetic acid from these 
products yields the corresponding olefins containing 
vinyl protons. Subsequent migration of the double bonds 
in 45a and 46a can yield additional products. 

The third reaction in the new synthetic route to 
Ovefin wnth-25 was, to “hydrolyze 34 tosthe wacid® alcoho! 
352, ‘Treatment of (34 i-:n: basic! aqueous -methanel was the 
first method tried since it was thought that acid hydro- 
lysis would lead to rearranged products by formation of 
a carbocation on the carbon bearing the acetate group, but 
nomreact ton occurred at noom jtemperature pwhile at 95°C 
for on an O1l was produced. TLC Cether) of “this oi! 


showed many spots. Treatment of 34 with sodium methoxide 
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in absolute methanol at 80°C and 150°C overnight pro- 
duced similar results. Since treatment with base gave 
impure oils, hydrolysis by acid was tried. Remarkably, 
Lreaememteof S34 with 4.5 Msulfurie actd refluxing at 
about 'oa08 C¥tor apoue 10h) produced 35) in.wW5: yield! 
Heterogeneous reaction conditions were used to prevent 
any carbocation formed from reacting with any molecule 
other than water. These conditions had the additional 
benefit of signaling the end of the reaction since the 
entire organic phase solidified when 35, which melts at 
188-189°C, had completely formed. Using lower concentra- 
tions of sulfuric acid increased the time required for 
this reaction dramatically and was probably a result of 
both the lower proton concentration and the lower reflux 
temperature. The structure of 35 was confirmed by its 
elemental analysis, its IR spectrum showing broad absorp- 
tion in the region 3500-2000 due to the acid and the al- 
cohol groups, and its mass spectrum with peaks at m/e 
29, (5837, ,KMESEP 204" (18 1%, M"-H,0), jMboel ee ialoyea ites 
CH=CH, or CO), 176 (Base, M"-HCO,H) and 148 (45.1%, 
M"-HCO,H, -CH,=CH,). However, since it was hard to be- 
lieve that rearrangements had not occurred under these 
vigorous conditions, 35 was converted back to 34 by the 


sequence of reactions outlined in Scheme VII. 


2 


re = jo 
Ser6 nih haens are a oe 


fie 


oveg send atte insmres 7 
{diets emell ‘hols? eee bt: 

38 anixuiisy af os sera 

ibfol¢ Cee wE BE bes 


iw 


sion yns itiw gatvaseq sor? seat notass 200d Ts 


1 4 i. . n 4 4 =) > + 2, a 
i itt ine a : >] -9 P = . a a mos 
AST HTS 
ad 
4 
‘ } * ; 
: > of AO - ii 
; :. 17 } 
2 3 4 
+o 
+ f ! 


SCHEME VII 
Ac 50 
Ay, 3h 2 
(S27) 
OH Aone O C=O i 
OH o= One Cech « 
35 H3 
47 
head CT ARE) ee 
DMA Z NaOH 
\ 9%) wecile t) 
(ei ——(6; OCH, | 
CH 
CH. 3 
34 48 


The's'tructtures? of @7iand 48 
1 


elemental analysis, their IR, H 


and. their conversiom to 34 which 


1 


to authentic 34 by H NMR and by 


were confirmed by their 
NMR, and mass spectra, 
was shown to be identical 


mixed melting point. 


Since rearrangements had been observed in the lead tetra- 


acetate reaction due to LrormationyoL- intermedwaces 34d 


and 34e, lack of rearrangements during reaction of 34, 


which would certainly form these 


intermediates under the 


mucty harsher tcondivttons of 44.5’ M4suittuni cac idvat HB0%G., 


was surprising. 


This can be explained, however, if it is 
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assumed that such rearrangements to other products does 
occur, but under these conditions all of these products 
are in equilibrium and 35 is the most thermodynamically 
stable of these produictse Possible reasons for this 

Stab lity owihiieibe discussed, fanermemelhis iratter 07h 

of equilibriation all of the initially formed side prod- 
ucts would be converted into 35. For the lead tetra- 
acetate reaction such equilibriation would not occur and 
the side products would be isolated. This assumption 
would also explain the oils that were produced by treat- 
ment of 34 with base. Under the temperatures required 

for hydrolysis of the acetate group of 34 by base, solvolysis 
of the acetate group would occur with help from the C7 -Cg 
bond to form intermediate 34e. This intermediate would 
react with either water or methanol at either Co, Cg Or 
Ce, to form the multiple products observed by TLC (ether). 
Since these reactions would be irreversible under the 
DasTC CONG. tions. Only: ah Ol CONntaining. a mixture:.of 
products is isolated. 

The tinal reaction in the new synthetic route’ to 
olefin anti -25°was to remove)jthe acid and alcohol croups 
of 35 by treatment according to Adam's preeainee 
However, when Adam's instructions were followed and 35 
was heated with two equivalents of benzenesulfonyl 
Chloride Anepyoigine sat) oo.-C overnieht, sthesonly product 


isolated was the highly unexpected chlorocarbon 49. This 
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structure was determined by its elemental analysis and 


Cie a 
49 


by 1ts "mass spectrum that had” peaks» at m/e" 196" (17 247% 
MoOUOpDT Cy e170 atte. M*), hi el eas isotopic-CH,= 


CH 168 (28.7%, M*-CH.=CH 161 (39.0%, M’-Cl) and 


ee vi ie 
MoUesC50 eZ ier M*-HC1). The addition of triethylamine to 
EiteeTeactron gave NO Iproducts al 5) © OVverni chim put 
produced the desired olefin anti-25 in 34% yield when 
Carrred Out at 99 C=1or 6 funder an iMert -atmosphere™ 
This olefin was characterized by its melting point of 
64-05 ©, “identical to thatsreported™by Bartlett, and 
Pts. very clean masss spectrum with peaks at m/e 160 
CORO ueeN: ya 15? C30N 178 M™ -CH,=CH, ) and 104 (Base, M’- 


2CH =CH,). 


Z 
The overall yield of olefin anti-25 from acid-ester 
ara oc eloeciies bane LetterevoOmtswas yleld= Of 20%.1rom 
PLeCUuLOuys LonOmuOntaCcid tanta 32% However, this electroly- 
sis procedure is limited to the production of small quan- 


tities and becomes tedious when large quantities are de- 


sired. The new procedure developed here can easily be 
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scaled-up to produce large amounts of this olefin in just 
a few days starting from the anhydride anti-31. 

When olefin anti-25 was treated with pyridinium 
hydrochloride inj} pyridine’ at+A0 °Cxovernisht, chlorocarbon 
49 was again isolated and shown to be identical to that 
isolated previously by TLC (pentane) and mixed melting 
point. Treatment of 49 with triethylamine in pyridine 
tien OU G shOrromar a mot producesolerin,.anti42) since =tLC 
(pentane) of this solution showed only a single spot cor- 
responding to starting material. Thus, in Adam's reac- 
tion triethylamine acts to prevent the addition of hydro- 
gen chloride to the initially formed olefin anti-25 by 
acting as a proton scavenger rather than by removal of 
hydrogen chloride from 49 that might have been produced 
by some other mechanism from 35. This appears to be the 
first reported addition of hydrogen chloride to a double 
bond by pyridinium hydrochloride. Adam did not find such 
a reaction to occur in any of the reactions he performed 
under these conditions, a estan of reactions with 
pyridinium hydrochloride makes no mention of this addi- 
tion and 4a seerch of the literature up to 19381 reveals 
no such report. 

Here eue has calculated the coordinates for the 
carbon atoms of anti-25 and some of these are reproduced 
itt, lable LLL... sA.-sinp.le wtriconome tric icalicubation fnom 


these coordinates reveals the bond angles around the 
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TABBEMEL I 


central doub@e bond as shown if Figure..Eih. f-These bonds 
are distorted from the ideal 120° for 80 hybridization 
by si5 (2 this strain is relreved by the addition, of 
hydrogen chloride since this allows the carbons at Coe 
and Cg. to rehybridize to a <5 geometry whose ideal 


bond angles of 109.5° more closely resemble the 107° 


FIGURE, Lit 


anewe 25 
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bond angles imposed by the two trans-~fused norbornyl 
Skeletons. se lhisimadattion) cam occur bys protonation fo 
form carbocation 25a, which can be stabilized by orbital 


overlap with either the C,-Co or the C5 -Cg bond as indi- 
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cated by the drawing of intermediate 25b in Figure IV, 
followed by the addition of chloride to Ci, Co» C5 or Ce 


to give 49 and isomers that would be structurally similar 


FIGURE ev 


20a 


to the products 43 - 46 shown in Scheme VI. When anti-25 
dissolved in pentane was treated with 37% hydrochloric 
acid for several hours with gentle warming, an oil was 
obtained. This oil showed just a single spot on TLC (pen- 
Paneveidentical tomthat .oL 49 .andehag anyLk spectrum also 
tdentctcavstor Ao, sublimation of 49 from this -materival was 
very difficult because of large amounts of a sticky sub- 
stance that sublimed simultaneously. Such problems were en- 
countered when anti-25 was treated with pyridinium hydro- 
chloride, but much less of this impurity was produced and 
it was removed after a few sublimations. One reason for 
formation, Of more side products, in 3/% hydrochioric acid 
might be because greater solvation of the chloride 


ion makes it harder for it to react with the sterically 
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hindered Cg.: 

The tertiary carbocations 25a and 34c are exception- 
enithye tuns tables! omyiwo, reasons’ as ‘showmein) Eigune? IVeae First, 
the bond angles around Ce. are still as strained as they 
were in olefin anti-25. Second, the presence of a substi- 
tuent at £755 induces stress imposed by the rigid geometry 
of the fused norbornyl skeletons that forces C, and Cg to 
bend out of the Cy 7&9 n7-F9-Cy plane, an effect that is 
Simistar wo; thategwvich mrevent s stormatdon -of, caubocations 
at bridge-head positions. Relief of this strain may be 
the driving force for the formation of intermediates 25b, 
34d and 34e. However, as indicated by arrows in Figure IV 
these intermediates suffer from steric interactions be- 
tween protons on Cy and Cao or C5 and Ce. Earlier it was 
proposed that acid alcohol 35 was more stable than any 
of the side products that it was in equilibrium with to 
explain its sole formation in the reaction of 34 with boil- 
ime r.oaM Ger biriiie: (acid sme xaminat ton lofi ethesehsideryprod- 
ucts shown in Scheme VI and their acid analogs shows that 
45 sand «46cstill havecaniunfavorable Soe geometry at Ce. 
while 43 and 44 suffer from the steric congestion depicted 
in Figure IV. Acid-alcohol 35 may not have these steric 
problems and may be further stabilized by internal hydro- 
gen bonding. Therefore, equilibrium conditions would 
yield it exclusively. Several reactions involving chloro- 


carbon 49 demonstrate the instability of a carbocation at 
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Cg,- Treatment of 49 with excess silver acetate in 
methanol at room temperature formed a precipitate very 
slowly. After several days TLC (pentane) showed that 
starting material was still present. An attempt was 
made to convert 49 into the known molecule 50°? by re- 
action with magnesium followed by treatment with water 
in order to conclusively prove the structure of 49. No 
reaction with magnesium occurred and when 1,2-dibromo- 
butane was added to initiate this reaction, olefin 


Bnei 2). 1aGenticaluby.1LG Cether)) and mixed melting 


H H 

50 
point to an authentic sample, was isolated. This pro- 
vided the Structural prool sought tor 49 “Several other 


examples of the reluctance of a carbocation to form at 
Ce. will be seen shortly. 

Once olefin anti-25 had been made, work on production 
of dioxetane 24 was begun. This olefin was treated with 
the bromohydantoin 3b and hydrogen peroxide in ether at 
O°C as shown by eq 4 in the introduction. Work-up by 


washing this solution with water five or six times fol- 
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lowed by drying gave a solution that showed just two 
spots. on TLC (toluene)... When this. TLC plate was placed 
on a hot plate, the slower moving spot gave off a bright 
light easily seen with the dark adapted eye. When some 
of this solution was heated on a steam bath in benzene 
containing fluorescer, the solution glowed brightly. 
Presumably this slower moving spot was the bromohydro- 
peroxide 51a. When heated, this molecule lost bromide 
to give an intermediate similar to 25a or 25b, formed 
the dioxetane with removal of the proton by bromide ion 


and emitted light when the dioxetane decomposed. Re- 


) 
xEESPOOH 0 
ase : a be Crane oe 


actions aimed at producing the dioxetane directly by 
treatment of the crude bromohydroperoxide 51a with silver 
acetate or silver nitrate in methylene chloride or 
methanol failed at room temperature, gave off no light 
and showed the presence of starting material 24 h later 
by TLC (toluene). The iodohydroperoxide 51b was 


then prepared by reaction of olefin anti-25 with the 
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iodohydantoin 3c and hydrogen peroxide in ether at -20°C. 
Work-up by washing this solution with water and then 5% 
sodium thiosulfate to remove iodine that had formed during 
this reaction followed by drying, gave a solution that also 
showed two spots on TLC (toluene). Light was again emitted 
from the slower moving spot when this TLC plate was heated 
ondaihotaplate-inasSmall»porttons of? this solutionsinadi- 
chloromethane containing added fluorescer were kept at 
room temperature,Q0°C and -20°C while silver acetate was 
added and the solutions observed with the dark adapted eye. 
The solution at room temperature gave off a bright light, 
that at O°C gave off a light that was just visible, and 
thatiate=20° Cteave off nodvisible light. <fhepsolution+at 
room temperature continued to glow for over eight hours 
while the solutions at lower temperatures were decanted 
from the settled silver acetate and transferred to new 

test tubes after thirty minutes. When these solutions 

were allowed to warm up to room temperature, no light 

was visible that would have showed a build-up of dioxe- 
tane 24. Addition of fresh silver acetate to these 
solutions at room temperature caused them to emit light 
that lasted for many hours. If a room temperature solu- 
tion was decanted from the settled silver acetate, it 
stopped glowing immediately but giowed again when fresh 
silvers acetater wassadded ~ Solutions; that: did noti contain 


fluorescer were allowed to stop glowing, and then evapora- 
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ted to dryness. The remaining silver salts were extracted 
with ether and the ether was evaporated to yield a residue. 
Sublimation of this residue gave a very small amount of 
trans-52 that was identified by its IR spectrum which con- 
tained a strong absorption at 1665 cin and its mass spec- 
Grum fwd th tm/ertoZerts t6.70; MT), paadauten: has made cis-52 
and bits tabsorptiion tim: the rivet i678 enn compare well 
with that of trans-50. This low frequency of absorption 
may be due to a straightening of the C-CO-C bond angle of 
the carbonyl groups caused by structural constraints. The 
sample of trans-52 isolated was impure as shown by its 
wide melting point range and several small peaks at m/e 
Zoom Oe Os) tee oo) C26 2)5) “Anan ZOO 4Gla7 hell the masse spectrum. 
However, the unusually low absorption frequency for this 
mobecubey i1wtne AR is sufficient to weritysies formation 
during these reactions and thus prove the formation of 
dioxetane 24 as the intermediate responsible for light 
production. Since this dioxetane decomposed at any tem- 
perature required for it to be formed from the bromo- 

Or 1odonydreperoxide "“Precursors,. 10 could not be tsolated; 
Either dioxetane 24 has an exceptionally low E> possibly 
indicating a change from a biradical to a concerted mech- 
anism of decomposition, Or Le is very sensitive to cata=- 
lytic decomposition by Ape However, since this latter 


process usually proceeds without light emission, it is 
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unlikely. 

Other methods could be tried to produce dioxetane 
2a. Paperetts reported that treatment of olefin anti-25 
with singlet oxygen as described by eq 7 in the Introduc- 
tion produced only the epoxide 53. Treatment of olefin 
anti-2) With tripheny! phosphite. ozonide at —-/8°C as de- 
Seribed by eq 9 in the Introduction, may produce anti-25 
at a temperature low enough for it to be isolated. How- 
ever, steric problems may prevent initial reaction of the 
olefin with bulky ozonide at this low temperature. Pa- 


i reports that o4-nasea Pate, On SOlVOLYS2s 35).5''X 10° 


enh, 


A 


a8 D4 


times faster than tert-butyl p-nitrobenzoate which he 
attributes to extreme steric compression. Substitution 
of a bulky group such as p-nitrobenzoate for X in 49 
might allow formation of dioxetane 24 at a temperature 
low enough for it to be isolated before it can decompose. 
However, these possible methods for the production of 
dioxetane anti-25 were not attempted and measurements of 


E 19 and 39 for dioxetane 24 were precluded. 
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EXPERIMENTAL 

Potassium hydrogen acetylene dicarboxylate was ob- 
tained from the Aldrich Chemical Co. Dicyclopentadiene 
was obtained from the Eastman Kodak Co. and was used to 
prepare fresh cyclopentadiene. Reagent grade methanol 
containing 0.10% water was obtained from American Chemi- 
cals Ltd. Both 1,3-dibromo-5,5-dimethylhydantoin and 
1,3-diiodo-5,5-dimethylhydantoin were obtained from 
Arvapanoe: Ghemicals' .Ca divisionsobkisyntex Corp. J. All 
other solvents and reagents were obtained from various 
suppliers and were usually used without further puri- 
fication. The exceptions to this were pyridine, which 
was freshly distilled from calcium hydride, and benzene- 
sulfonyl chloride, which was distilled. Infrared spectra 
(Nujol) were taken on a Perkin-Elmer 457 spectrophoto- 
meter. Infrared spectra (film) were taken on a Perkin- 
Elmer 421 spectrophotometer. ly NMR spectra were obtained 
from a Varian A56/60A analytical spectrometer. Mass spec- 
tra were taken on an AEI MS50 mass spectrometer with an elec- 
tron impactenergy of /0 electron volts. Melting points are un- 
corrected and were taken on a Gallenkamp capillary melting 
point apparatus. All TLC plates were made of silica gel sup- 


plied by E. Merck and Co. and were developed with iodine. 
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All organic extracts were shaken with saturated sodium 
chloride before being dried over MgSO, unless indicated 
otherwise. 

Bicyclo [2.2.1] hept-2,5-diene-2,3-dicarboxylic Acid 
(27). Diacid 27 was made by an adaptation of the pro- 
cedure of Diels and A dere ed A solution of potassium 
hydrogen acetylenedicarboxylate (100 g, 0.657 mol) added 
Toman co lideiso lmatondofrconcentrated sulfuric facid 60% mL) 
in water (100 mL) was extracted with ether (5 X 100 mL). 
Each ether extract was washed with water (1 X 10 mL) and 
then saturated sodium chloride solution (1 X 10 mL). 
These washings were then returned to the aqueous solution 
fomithe: nextirextraciilion .o Cyclopentadiene:( 66, 27,° 1 20iemol) 
was added to a stirred solution of the combined ether ex- 
Goacte, atv OF G. GiFadflunes to) teoo)h (these thersisol ution? re- 
sulted: in’the formation of a dark green discoloration 
that was difficult to remove. The reaction mixture was 
allowed to warm to room temperature overnight. It was 
thenirshaken?iwilth <cold) 3+: sodiumchydroxide? (400 mL). 

The aqueous layer was acidified with 5 M H5SO,, C1 50m) 

and extracted with ether (3 X 200 mL). The combined ex- 
tracts were washed with water and dried. The solution was 
concentrated to about 150 mL and pentane (300 mL) added. 

The crystals that formed were removed by filtration to yield 
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Bicyclo [2.2.1] hept-2-ene-2,3-dicarboxylic Acid 
C28):2h solution jot sditacd£d. 27) iCl ase i0:. 61,63, mor) 
in 95% ethanol (600 mL) was hydrogenated in 200 mL por- 
tions, at..10-30 psi in, a.Parr shaker! apparatus. using 52 
Pdi/-charcoal “as ‘catalyst’ «The catalyst was) removed) by \fil- 
tration, the combined portions were concentrated to about 
100 mL and pentane (200 mL) was added. The crystals that 
formed were removed by filtration to yield 67.1 g of diacid 
28, mp 206-208°C (lit. 213-214°C)*?. The filtrate was 
conc entna ted sto] an: 01 lr.andyga) boi line ysolution, of; «li sul - 
furic acid (300 mL) was added. This was done to hydrolyze 
any ethyl esters that may have formed during the hydrogena- 
GiOnadme ethanol. sshis:solmaiont wase cooled atj7> Guovernicht 
and the crystals removed by filtration to yield an addi- 
ton aia Z/r- isc, Of 028.5 mp. 205-87 Cy elon) allto tall y ie dy of 
DossS ~asnGOUi sD). 

Bicyclo [2.2.1] hept-2-ene-2,3-dicarboxylic Anhydride 
(29). Anhydride 29 was made by an adaptation of the pro- 
cedure of Diels and Mien ae. Acetic anhydride (200 mL) 
andsrd tae 1d, 128200 iy ten" 0153.08 mol jy were, heated, ati 305C 
fore! Ode. Whe solution gas: concentrated: Co ains-oArlt, 
pentane (150 mL) was added and the crystals that formed were 
removede«by, tid tration ito; yield, 50.6. gsiof anhydride «29 mp 


96-98°C (lit. 98-99°c)**, | 


H NMR (CDC1,) 6 3.50 (s, 2H), 
noel Use, yoleeal AOD ODreGm a1 BD 26) oO teed eGmijee2H).. A 
second crop was obtained that yielded an additional 2.7 ¢ of 


anlivaride 29 ump 26-69 ©. for avtotaleyield of 53.3 2, (83.34). 
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1,2,3,4,4a,5,8,8a-Octahydro-1,4:5,8-exo,endo-dimeth- 
anonaphthalene-4a,8a-dicarboxylic Anhydride (anti-30) and 
1,2,3,4,4a,5,8,8a-Octahydro-1,4:5,8-exo,exo-dimethano- 
naphthalene-4a,8a-dicarboxylic Anhydride (syn-30). An- 
Pyditde 929 (00.6. 0.3008 molom srolucne (300) mi) and then 
cyclopentadiene (30 g, 0.45 mol) were placed in a glass 
pressure bottle and heated at 80°C overnight. The solu- 
tion was then filtered to remove some sediment and concen- 
trated to an oil. Pentane (150 mL) was added and the crys- 
tals that formed were removed by filtration to yield 59.2 g 
(35-4), .08 2 Mixture containing sum and, anta—3U0. 

1,2,3,4,4a,5,8,8a-Octahydro-1,4:5,8-exo,endo-dimeth- 
anonaphthalene-4a,8a-dicarboxylic Acid (anti-33) and syn-30. 


Bartlett e 


procedure was followed for this reaction. A 
Mae cue Of “syn and wants — 30 Kl. ee OI CO MmOlwt an ay SOLU— 
tron rfcOltaining potassium hydroxide (2c ¢, U.oo6 Mol), Water 
(35 mL) and ethanol (100 mL) was heated on a steam bath for 
1.5 h. The mixture was then evaporated to dryness, water 
(100 mL) was added and the crystals that remained were re- 
moved by £Liltration to yield 475 ¢ (162). or syn-30, mp 190- 


1 


Woe Ola. 191-193°c)*? with -H NMR (CDC13) absorptions 


43 


foentical to those in the Literature Thevrtieltrate was 
Aevarrred with ecolrd o M hydrochicrie acid Cl30nmL) sand 
extracted with etner (2 X 150 mL). The combined ether 


extracts were washed with water (4 X 20 mL) and dried. 
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This solution was evaporated to dryness and the solid 
recrystallized from ethyl acetate (300 mL) overnight. 
The ethyl acetate was decanted from the crystals to yield 
HOE 0G-99 C31 ,. 7 More daacid, anewe 336 moped OR 3rCnicd) -ieic . 
aIOKSO OO) CAND . 

Ant —30 Strom fant 3 36 . 2 Diacid, anteeasurGs 026 Moe 1 
mmol) in acetic anhydride (30 mL) was heated on a steam 
bath for 1h. This solution was concentrated to an oil 
which was then dissolved in ethyl acetate (25 mL). Pen- 
tane (25 mL) was added and the crystals that formed were 
removed by filtration to yield 1.4 g (75%) of anhydride 


1 


ant?- 80), mp 198-200°C, (14t.097=e199°C) +2: Hithe | HNMR 


(CDC1. ) absorptions identical to those in the iditcterure 
Test for Equilibrium Between syn and anti-30. A 
sobutiionsvotmanhy dride® syne 30! (4c lee)! andtobuenes (11ivie) 
was placed in a glass pressure bottle and heated at 120°C 
overnight. The solvent was then removed and the residue 
showed no trace of anti-30 in the 'y NMR (Ce De) spectrum 
which was identical to that of the starting anhydride. 
Relative Ratios of anti to syn-30 Produced at Dif- 
ferent Temperatures. Three solutions containing anhy- 
dridet 297 (ORSSr ape toluene?(2203e). and, cycopentadiene 
(0.25 g) were prepared in glass pressure bottles. One 
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oils, benzene (20 mL) was added and they were evaporated 
to dryness. 'y NMR (CDC1, ) integration of the absorptions 
due, sto} the av inydaeprotonssof--anta- 30 4and esyin-30-a tend, 6136 
and 6 6.46, respectively, gave the relative ratios that 
appear in Table II. Since these molecules show no ab- 
Soup GLOnSsi tin .une regen 6-7 So— 4990 compar ison. of the 
integration of the absorptions due to vinyl protons 
G21) wath, sthe wintecration of Jthe -absonpt ons sin ethe pre- 
gion due to anhydride 29 (3H) was used to determine 
tia ya bout 2/7 0vs of pohe usta nhine ymaterial qwas-yoti Ll pres— 
ent sin, the pa0r CG yreac ti on. 
1,2,3,4,4a,5,6,/,8,8a-Decahydro-1,4:5,8-exo-endo- 
dimethanonaphthalene-4a,8a-dicarboxylic Anhydride (anti- 
31) and 1,2,3,4,4a,5,6,7,8,8a-—Decahydro-1,4:5,8-exo-exo- 
dimethanonaphthalene-4a,8a-dicarboxylic Anhydride (syn- 
31). Aferude) mixture tom anhydeidesrsuyun cand santi—30 
Ga ion8 0 225Jq MO), piste thyale sac etsaites (25 0nml)swasi phy dao— 
genated, at «10—40 isd vin -a, Parnishakerm apparatus using Oy 
Pd/charcoal as catalyst. The catalyst was removed by 
filtration and the solution evaporated to dryness to yield 
Dy Gan 2oOve Olina snxahline 6c onta Veun el sun) ands anitep dk 
Ethyl Hydrogen 1,2,3,4,4a,5,6,7,8,8a-Decahydro- 
1,4:5,8-exo,endo-dimethanonaphthalene-4a ,8a-dicarboxylate 
(anti-32e), 1,2,3,4,4a,5,6,/7,8,8a-Decahydro-1,4:5,8-exo, 
endo-dimethanonaphthalene-4a,8a-dicarboxylic Acid (anti- 


B27) and sun-oile. A mixture Of syn and antr—-.3) (4.6 27 
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0.020 mol) in a solution containing potassium hydroxide 
(324 9.0 065s mele cwater ©15. mL) and ethanol, C45 mL) was 
heated on a steam bath overnight. The solution was then 
evaporated to dryness and water (40 mL) was added. The 
crystals that remained were removed by filtration to yield 
TS) eR) Se Egneshh aa desclaece Gita aiieieGaacenn 
An oil was produced when the filtrate was acidified with 
cold dilute sulfuric acid... The oi) was,extracted,-into 
ether, the ether was dried (Na,SO, ) and then removed to 
yield’3.o @- or a residue, that showed a quartet at. (6 4.525 


in the | 


H NMR (CDC1.) spectrum. The residue was redis- 
solved in basic water and dilute sulfuric acid was added 
until a precipitate just remained. The solution was ex- 
tracted with ether and the aqueous layer worked-up as be- 
Perestomy lela. e| 0s Ol 525. uOt ed iacid, apt 26 Mp. 20-20 7/06 
Gla t. 206-209°C)*?, Failure to remove all traces of min- 
eral acid from the ether layer prior to evaporation often 
PesUsted. ine thestormation of thevanhydride, anti1— diwhich 


Pete ete 190s O8 Cee 


The ether solution containing the 
material that just precipitated when the original solu- 
tion was partially acidified was dried and the ether was 
removed. The residue was recrystallized from methanol to 
yied dO 8, ci Oye Of anti — 526 omp. 4 le 5-1 1oecy. DR uGt iim) 
O00 = 2200. TG Oe way 20741700), 216805 1300 vA 270 aie Ve 


"HNMR (CDC1,) 6 4.25 (q, 2H), 2.90-2.50 (br m, 4H), 2.25- 
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0.85 (br series of m, 15H); MS, m/e 278 (M’), 194 (base). 


Atate “Garcdt. Por °G H Geo 04) <H yetogee 


16 wee tens 

Founde= 2 Oo 17s th 8 oO. 
Methyl Hydrogen 1,2,3,4,4a,5,6,7,8,8a-Decahydro-1, 

4:5,8-exo,endo-dimethanonaphthalene-4a,8a-dicarboxylate 

Canti—32m). A mixture of anhydrides sgn and anti-3il 

(S085 co - 0.256" mol) in a solution, of absolute methanol 

(300 mL) that had been treated with sodium metal (10 g, 

0.45 mol) was heated in a glass pressure bottle at 80°C 

for 5 h. Higher temperatures or longer reaction times 

were found to produce significant amounts of syn and anti-32 

(vide infra). The solution was then evaporated to dryness, 

water (200 mL) was added and the crystals that remained 

Were removed by filtration to yield 16.0 2 (26.9%) 

Obweyne ot wine filtrate Was extracted with), etner Cl xX. 100 

mae witch was discarded, and acratried with. 3 M sulfuric 

acid (60 mL). The solution was extracted with ether (3 X 100 mL) 

and the combined extracts were washed with water (2 X 20 mL) 

and “dried. * This was concentrated to about 80 mL and an 

equal volume of pentane added. The crystals that formed 

were then nemoved by filtration to yield 41.8 ¢4(6l.7%) of 

Suto 3 2 ee Ooo. IR GChilim eo 0022700. i710.) 16625 91265: 

1245 cm7'; 'H NMR (acetone-d,) 6 3.72 (s, 3H), 2.80-2.60 

Circ 7 2760-240) (br s, 2H)% 2-40=2;00. (br overlapping 

Acetone an Ivo = l00s@series of ms 10H)- UNS m/e. 264 Cw) 
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Anal. *Catcaseror Cis H5Q O,: Ceeoerl 620 . W203 
Found: "Ge “68008 -@Hee2t63.. 

1,2,3,4,4a,5,6,7 ,8,8a-Decahydro-1 ,4:5 ,8-exo, exo- 
dimethanonaphthalene-4a,8a-dicarboxylic Acid (syn-32). 
Anhydridessyn-SiIC4u56 ees07020 Tmo lainkasolution.6& ab- 
solute methanol (100 mL) that had been treated with 
sodium metal®(2.5ac5)/021 loamodJMwas heatedCin a metal 
high pressure cylinder at 150°C for two days. The cooled 
mixture was evaporated to dryness, water (50 mL) was ad- 
ded and no crystals remained. This was extracted with 
ether (50 mL), which was discarded, and then acidified 
with oeM st liuric acid.) lt wast thenwextractedn with 
ether (2 X 30 mL) and the combined extracts were washed 
with water “(53X10 mL) and? dried. »Therssolution was then 
evaporabed= (Lo: dryness to yields Mec (O27 wot sunH32s 
mp 206-208°C which after a few weeks fell to mp 175-185°C 
presumably due to reformation of some anhydride syn-31; 
IR (Nujol) 3700-3200, 3000-2800, 2700-2100, 2000-1800, 
1690, 1580, 1270 cm'; 'H NMR (DMSO-a,) 6 10-6 (br, 2H), 
2-2. Zoe prowess tapping DMSO) tM S0—1..00 eCseriesi of) br 


s and m, 11H), 0.90 (s, 1H); MS, m/e 206 (M*-co 139 


2?» 
(base). 


Ati Caled. .or Cay 


Bound: ArGet 6 /a3Grial 20/6. 53): 


Hg 0,3 Ge SARs. Iolk Tee ier. 
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Anti-32 from anti-32m. Acid-ester anti-32m (1.6 g, 
6.1 mmol) in a solution of absolute methanol (40 mL) 
thatghadsbeenatreated withisodium metal. (1s2.¢,.0.052 
mol) was heated in a metal high pressure cylinder at 150°C 
Overnaghtet )Wexk-up.was similar ytosthat for.syn-32, and 
peetdédiwles ge(Go.eok ant 324 smpeZ05-2077 Ce. y Mixed mp 
with authentic anti-32 gave mp 205-207°C. 

Methyl Hydrogen 1,2,3,4,4a,5,6,7,8,8a-Decahydro-1,4: 
5 ,8-exo,exo-dimethanonaphthalene-4a,8a-dicarboxylate (syn- 
S2m)f SAnhydridersunt 3/l4.C8. One.» 0.0845 mol). in a. solution 
of absolute methanol (50 mL) that had been treated with 
sodium metal (0.8 g, 0.035 mol) was heated in a metal 
highs pnessures cylinder’ at 150°C. for st. 5. hej. Thescooled, mix- 
ture was evaporated to dryness, water (50 mL) was added 
and the crystals that remained were removed by filtration 
Eos yaied des6518 sect Of ts yn Sle! oe Work-upiwaseisimilarn,.to, that for 
syns 2rand) yielded, | «2.2, off a isolid) having .a wide melting 
point range. This was recrystallized from ether-pentane to 
puivet Oni2tie som 2m aromp: 1:9/-2 00; a LreeGNu.jo le) 3500-7300.) 2b 720), 
1635, 1305, 1260 cm™'; 'H NMR (DMSO-a,) 6 3.83 (s, 3H), 
2400-252 pGbr fo ver appl reeeDMSO) euhs/0—) 02 .Csenies of br 
sy andra at tlH19 10 49.-mGst, slH)a.MSr 9m /a-233 (M-CH,0), 153 
(base). 

Anal). «Ca kcdt. Gon Cas H59 O,: CHs6Gs1674hs / 463), 


founds, GCHj68 7164.8 34276. 
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Methyl 8a-Acetoxy-1,2,3,4,4a,5,6,/7,8,8a-decahydro-1, 
4:5 ,8-exo, endo-dimethanonaphthalene-4a-carboxylate (34). 
Lead tetraacetate (/5 g, 0.17 mol) was added to a solution 
containing acid-ester anti-32m (42.3 g, 0.160 mol), ben- 
zene (400 mE) and/acetic acid’ (100 mL). This solution 
was refluxed on a steam bath until the initial light 
yellow color completely vanished, usually 15 to 20 h. 
The solution was then washed with water (2 X 100 mL) and 
then with dilute sodium hydroxide until the washings re- 
mained basic. A black precipitate, PbO. , usually de- 
veloped during this procedure and was removed by gravity 
filtration. These basic washings were acidified with 
dilute sulfuric acid and extracted with ether. The ether 
extract was washed with water, dried and concentrated to 
about 20 mL and an equal volume of pentane was added. 
This was kept at 2°C overnight and the ether-pentane 
was decanted from the crystals that formed to yield 6.2 ¢ 
of starting material anti-32m. The benzene solution was 
washed with water, dried and concentrated to about 100 mL 
and an equal volume of pentane was added. This was ieft 
at 2°C overnight and the benzene-pentane decanted from 
Bie crystals whbaterormed-tomyreldezi. O%clor 34 "mp. 1Z0e 


(21sec aR Ce ilmdm 3060 829801 2880nn1742, 117300cm 4k 


"HNMR (CDC13) 6 3.64 (s, 3H), 3.22-3.05 (br, 1H), 2.94- 
20/6 Goa) hime. 6422638 (bry, 2H) Z2ZeZ0-°90 (br series 
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16 
BPoundeweGr. 00) 027-00 / .O7e 

Pe second sCrOp. gave (3/4 oof SO emp | 20 =| 205-00 eee LO ra 
EOteadowareld jor) 724/03 (55.6. 40r 65-07) onnthes basis ofa ne— 
covered starting material). The remaining solution was 
evaporated to dryness to yield 9.2 g of a solid showing 
three overlapping spots on TLC (ether) and vinyl protons 
in the ‘y NMR. 

8a-Hydroxy-1 ,2,3,4,4a,5,6,/7 ,8,8a-decahydro-1 ,4:5,8- 
exo,endo-dimethanonaphthalene-4a-carboxylic Acid (35). A 
heterogeneous mixture containing ester-acetate 34 (10.0 g, 
070360 mol) sand 4.54M sudfunic acid, (80. mL) was. refluxed 
With sestiurring, by a Magnetic. Stinrerm until~ the oidy organic 
layer had completely solidified, usually 10-12 h or over- 
night. The cooled mixture was then extracted with ether 
(3 X 75 mL) and the combined extracts were washed with 
water, dried and concentrated to about 50 mL and an equal 
volume of pentane was added. This was allowed to stand 
overnight at room temperature and the ether-pentane was 
then decanted from the crystals that formed to yield 
Gmo ee cote 352 INpowob—169>C.-Chubbles) 7 7ER Ct 1m) «3 500.2000. 
1678, 1475, 1278 cm7'; 'H NMR (acetone-d-,) 6 10-7 (br, 1H), 
Pee ee a Cs eH ede mn? 2 uk Me ee 2 Ae ee MDT Series 
of m overlapping acetone); MS, m/e 222 (M*), 17 Os (base). 
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A=second "Cropisave®| sl¥earofs35 samp. is) =6°C S(buebbiles )- 
fovea total* yretd*ofey7u6 ts (95798 

Acetic 8a-acetoxy-1 ,2,3,4,4a,5,6,7 ,8,8a-decahydro-1, 
4:5 ,8-exo,endo-dimethanonaphthalene-4a-carboxylic Anhy- 
dridé "(47 )2°eA%solution®ét Vhydroxy=acid t35t(2.2 e¥e0n0i0 
mol) and acetic anhydride (40 mL) was refluxed for 5h. 
This was concentrated to an oil that was dissolved in 
ether (20 mL). Pentane (30 mL) was then added. This 
solution was kept at 2°C overnight and the ether-pentane 
decanted from the crystals that formed to yield 2.5 g 
CGI O%) of 4/ inp 9945-007 Ce" IRetease,) 3070; 2980. 2860. 
1800, 1745, 1725, 1365, 1250 cm™'; 'H NMR (CDC1,) 6 3.27- 
ORV OP Cor est Win) s 2-96-2476" (br ss) 4H) 402.7 6-22.00 Cor «Ss: 
THD 2200-2042 br sh? HDS 425 32-05 989% brs eri eslor seand 
Mover Lapping s' at 6 2.22. and 6+ 290/484 2HORS6t 242 2y (Sh 
Se 57 O78 tse" he MShhm/e8306 CMDerA76 Chased | 
H 
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8a-Acetoxy-1,2,3,4,4a,5,6,/ ,8,8a-decahydro-1 ,4:5, 
8-exo, endo-dimethanonaphthalene-4a-carboxylic Acid (48). 
Arinydride 47" “(23 oy "75> mnol inv’methanols (25 mL). was 
adaed to a solution containine sodium hydroxide: (025s pi, 
20 mmol) in water (15 mL) and the solution was allowed 
to stand at room temperature for 30 m. This was concen- 


trated to about 10 mL, water (25 mL) was added and the 


solution was extracted with ether (20 mL), which was 
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discarded. The aqueous layer was then acidified with di- 
lute sulfuric acid and extracted with ether (2 X 40 mL). 
The combined extracts were washed with water, dried and 
concentrated to about 20 mL and an equal volume of pen- 
tane was added. This solution was left a 2.46 .OV.e un 1 eh t 
and the ether-pentane decanted from the crystals that 
Bormed Jo sy Le ld -1).44e..0/12) of 48. mp 1500-15426: TRU film) 
3500-2200, 1740, 1715, 1675, 1260 cm™'; 'H NMR (CDC1,) . 
pase 3. 12 eChoice al aes 00-2 7 yatburse 2H) sh2268-2-52 
Goigks se lth we abies SH) eA lO— tt AOmGbresenieswobt.suand 
m, 12H); MS, m/e 264 (M*), 43 (base). 
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34 from 48. The method used for the esterification 
Oiathie.wear boxy bic vacid cnoup of.46.was eessentpna lly that 
used by Alvarez and ae on a different molecule. A 
eo lutuhon of actda46 (0.2652 (els0emmol) ssdamethylaceta= 
Maude Go). Lac) sisodium ibicarbomate ,GlUa2 eo lvand methy | 
tod ud em 40 330) cease mmo lL) was ekepteat 30°C ingthesdank 
fon 438 the tole wasythen pouredyinto 107. gaqueousssodirum 
ainlori de.<so hutiionge 6100 mi) and stheserystals *thateformed 
overnight at room temperature were removed by filtration 
tomy bond 40 42:40" 6997, of \349Gmp F420 21 228Cy Mixed imp with 


1 


authentic 34 cave mp.120-122°Cs) The HNMR (CDC13) 


spectrum was identical to that of authentic 34, 
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4a-Chloro-1 ,2,3,4,4a,5,6,7 ,8 ,8a-decahydro-1 ,4:5 ,8-exo, endo- 
dimethanonaphthalene (49). The general procedure used by 
Nien for the formation of alkenes from B-hydroxy acids 
was used for this synthesis but 49 was isolated as the 
sole=unexpeeted product: »A“soluttron‘ of B=nydroxy acid 
sow2e2 25V02010 *mot)™ benzenesulfony! chioride-¢3-5 2, 
G20Z0Smol) and’ pyridine’ (24"e)-was kept at 55°C 6ver-— 
Heeler TLEeCpentane) of “this*crude ‘réaction mixture 
showed a single spot with an Re VATUCHOL 194 poss “along 
with a smear with an Re VaINErOR=I TO; 45 due LO solvents. 
The black mixture was poured into ice water (50 mL) and 
extracted with pentane (2 X 50 mL). The combined ex- 
tracts were washed with3M H5SO, until the washings re- 
Matnedwacrdice saturated "sodrum*™ bicarbonate €Z X10) mL) 
and dried. *TLG~Cpentane) “at “this” point’ showed two spots 


Wee Keeva hues “ors -4/ 575. and OF2/5o.5. =the spot, with an 


f 
Re value of 3.4/5.5 was separated by column chromatography 
(silica gel/pentane). The pentane was evaporated to dry- 
ness and the resultant solid@sublimed at S-torr (50°C) 
several tines. to ryre iid 'O*.2°¢ ° C1072) “of "497 mp" 85-57°°C: 
TRIBCN FSP 3060, 1295, 930% 8352-735 -em_ | SH SNR 
(CDC1.) 6 oe -0e7 Hes eres "of over bappinge s and My Mo. 
iene Gl eentrasropie) /T96eCS5047, SMP "66" base) . 
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Anti-1,2,3,4,5,6,/7 ,8-Octahydro-1 ,4:5 ,8-dimethanonaphth- 


alene (anti-25)-. Olefim antz25 was ‘made by an ‘adap- 
tation of the general procedure of aera for the forma- 
tion of alkenes from B-hydroxy acids. A solution of B- 
Invdonyera qd, 3.5)¢03i230i 9:1 0.90145 moll). trnethy kamine 

(6.6 @y00).065; mol) <and pyridine, )(20 «s) was heated fto 

95°C under argon in a three-neck flask equipped with an 
efficient condenser and benzenesulfonyl chloride (6.0 g, 
0.034 mol) was added. The solution immediately turned 
red and became very dark after it had been heated at this 
temperature for 6.5 h. Addition of benzenesulfonyl chlor- 
ide to a solution containing just pyridine and triethyl- 
amine also produced this red color. The solution was 
then cooled and extracted with pentane (5 X 50 mL). 


Large amounts of a solid salt formed during this proce- 


dune sand iwere (discarded ay ithe combined extracts were washed 


Witnewater G2 eipo0! mis) e-dikutce hsultunicsRaci@ until lethe 
washings remained acidic, saturated sodium bicarbonate 
Gees OME) cand. drped. huFLGaGpen tame Meof tthis #solution 
showed a large spot with an Re ValLuecohea 82 jo .ofandea 
small spot with an Re valuetoteZs0/Saa. The spotew ish 
Re value 4.2/5.5 was separated by column chromatography 
(silica gel/pentane) and the solvent evaporated to 


Pialdk-B0enut34? wok anéic25  empne4=65%OpGlitg6456520).° 
MS, m/e 160 (M*), 104 (base). 
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49 from anti-25 and Pyridinium Hydrochloride. Dry 
hydrogen chloride produced by the addition of 35% hydro- 
ch borre*acrd’to*concentra ted esulfurievacid was bubbled 
through pyridine. The amount of pyridinium hydrochloride 
produced was not determined. A small amount of anti-25 
cel mnol was heated*in this esolumron (3 <mL)«at¥7e- sc 
overnrent .*"FLCVor*this -solutron showed *only a single 
spot with an Re valte *of 93 2475257 and=therusual @sotvent 
smear. Work-up similar to that previously described for 
49 and gave 49, mp 85-87°C. Mixed mp with authentic 49 
gave mp 85-87°C. 

Anti-25 from 49. Treatment of 49 (C1 mmoDbD with 
triethytamnmer (Oss e375 mmol) in pyridine s(3+mb)*ae*l00 °C 
for OM farved’te produce™any olefin anez 225-4" *TEC4tpen- 
tane) showed only a single spot with an Re VaruevtOornor4/ 
Hy. corresponding to*startine-materral.49, 

In an attempt to prepare hydrocarbon 50, chlorocarbon 
49 (C~1 mmol) in ether (2 mL) was treated with magnesium 
metal (0.1 g, 4 mmol) but would not react to form a Grig- 
nard even after 20 m of continuous scratching of the mag- 
nesium metal with a glass stirring rod. The solution re- 
mained clear and TLC (pentane) showed only starting mate- 
rial 49. Inorderto start the reaction a small amount of 
1,2-dibromobutane was added. When the bubbling had sub- 
sided, TLC (pentane) showed two spots with Re values cor- 


responding ton 49° and@antr-25.""Thetether solution was 
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washed with dilute hydrochloric acid, dried and concen- 
trated 6to8an oil. -*Thist of was"shown vito decolorize a di-~ 
lute solution of bromine in pentane indicating that ole- 
fin had been produced. In a second run, 1,2-dibromobu- 
tane SG0-3ivey-5 mmol) was cadded “toert@the “sane solution “and 
only atsinahemspotewithean Re va hue ror 4:22 /.5')3' was’ .ob- 
served by TLC (pentane). This was isolated by the proce- 
dure previously described for anti-25, and gave anti-25, 
mp 64-65°C. Mixed mp with authentic anti-25 gave mp 64- 
ip iC 

8a-Bromo-1 ,2,3,4,4a,5,6,/7 ,8,8a—decahydro-1 ,4:5 ,8- 
exo, endo-dimethanonaphthalene -4a~hydroperoxide (51a). 
1,3-Dibromo-5,5-dimethylhydantoin (0.20 g, 0.69 mmol), 
Bb was tadded fover Wa. periodiof.30 mM itoita “solution at 
On iCitconmla imitigite therrt(> mL), 98% hydrogen peroxide: (C0): 2 
mie. sostmmo 1) anch fo befiaint tant 72259800 S207 Cet S tinnio] Je, Ether 
(25 mL) was added and the solution was then washed with 
water (5 X 10 mL) and dried. TLC (toluene) showed two 
spots with Re Valutese Of AZ .26:/ts5 Yard t5es01/3, 53m elhests lower 
moving spot gave off bright light when the TLC plate was 
heated on a hot plate. This material was isolated by 
column chromatography (silica gel, pentane-ether). It 
showed a small amount of broad absorption at 3600-3300 
cnelibedh sch etiGR (Nujol) and reacted slowly with silver 
nitratevint methanol: toi form a grey precipitate.e: lt was 


stable indefinitely at room temperature in benzene or 
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ether solutions or on dry TLC plates, but when concentra- 
ted to an oil and left at room temperature overnight, 
Enel initial oil solidified and no longer gave off light 
when heated. 

8a-Iodo-1 ,2 ,3,4,4a,5,6,7 ,8 ,8a-decahydro-1 ,4:5 ,8-exo, 
endo-dimethanonaphthalene-4a-hydroperoxide (51b), 3,4: 
3 ,4-exo,endo-Di (1,3-cyclopropano)-1,2-dioxetane (24) 
and anti-2,5:/ ,10-Dimethano-1 ,6-cyclodecanedione (trans- 
52) = Veo -D1i1 odo-5,,5-dimethylhydantoin “C0 7060 2, 0.16 
mol) 3c. was added over.a period of 10: m tora solution 
at -20°C containing ether (5 mL), 98% hydrogen peroxide 
CPeneeees mmol) Pand.oletin ant? —29e¢Ue 0D Use nO. saEmo ley: 
Ether (25 mL) was added and the solution was then washed 
WiheieNater (Soe lOnml). D6 SsodLum. throsulhate: sz ks 10> miby.. 
Saturated sodium chloride (1 X 10 mL) andvdried- “ILC 
(toluene) of this solution showed two spots with Ry 
VeticcmOLe2. 72) Onand: 5.\/o2Os.) Ine as hower moving spot 
was very much smaller than the faster and gave off a 
bright light when the TLC plate was heated on a hot plate. 
The solvent was changed to dichloromethane without separa- 
tineethe two. spots. small portions of ‘this solution con— 
taining DBA gave off light at room temperature when silver 
acetate was added and were used for the experiments de- 
scribed in the Discussion and Results section that showed 
that dioxetane 24 was too unstable to be isolated. Some 


of this solution treated overnight with excess silver 
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acetate in the absence of DBA was evaporated to dryness 
and the silver salts were extracted with ether. The 
solid obtained when the ether was evaporated to dryness 
was sublimed twice to yield a very small amount (10 ug) 
of impure diketone trans-52 mp 155-185°C; IR (Nujol) 
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(997%, D> (base) >*4Dinrtrophenylhydrazone, mp 310°C 
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